Purpose The objective of this study is to investigate the effect of 2, 5, and 20 % O 2 on post-thaw day 3 human embryo culture until blastocyst stage. Methods One hundred fifty-five day 3 human embryos were used. One hundred twenty out of 155 embryos were recovered after thawing. Surviving embryos were distributed into 2, 5, or 20 % O 2 groups and cultured for 2.5 days. At the end of culture, blastocyst formation was assessed, and then, embryos were collected for RT-qPCR or immunofluorescence analysis. Results Using visible blastocoel to define blastocyst formation, 58.7 % (27/46) of surviving day 3 embryos formed blastocyst at 2 % O 2 , 63.6 % (28/44) at 5 % O 2 , and 66.7 % (20/ 30) at 20 % O 2 . The difference in blastocyst formation rates was not significant. Average blastocyst cell number was 119.44 ± 11.64 at 2 % O 2 , 142.55 ± 22.47 at 5 % O 2 , and 97.29 ± 14.87 at 20 % O 2 . Average apoptotic rate was 4.7 % ± 0.4 % for blastocyst formed at 2 % O 2 , 3.5 % ± 0.7 % at 5 % O 2 , and 5.8 % ± 1.1 % at 20 % O 2 . Apoptosis rate was significantly lower for blastocysts formed at 5 % O 2 (p < 0.05). Compared with gene expression levels at 5 % O 2 , which were arbitrarily set as B1,^20 % O 2 is associated with significantly higher expression of BAX (2.14 ± 0.47), G6PD (2.92 ± 1.06), MnSOD (2.87 ± 0.88), and HSP70.1 (8. 68 ± 4.19). For all genes tested, no significant differences were found between 2 and 5 % O 2 . Conclusion The result suggests that development of cryopreserved human embryos from day 3 to blastocyst stage benefits from culture at 5 % O 2 .
Introduction
Optimizing O 2 level for human IVF culture Compared with 20 % O 2 , 5 % O 2 has been reported to improve embryo development for multiple species, reviewed in [1] . For human embryos, studies on the effect of O 2 during cleavage stage development showed controversial results. Some work demonstrated advantage of 5 % O 2 [2, 3] , while others reported no difference in clinical outcome between 5 and 20 % O 2 [4] [5] [6] . It is suggested that 5 % O 2 is more likely to exert a beneficial effect on post-compaction stage of preimplantation development [6] . When 5 % O 2 was applied from the day of oocyte retrieval to blastocyst stage, improved embryo development and pregnancy outcome were demonstrated in multiple prospective randomized studies [7, 8] . The recent Cochrane review also showed that 5 % O 2 is related to increased live birth rate [9] . Overall, current evidence supports the use of 5 % O 2 in human embryo development, especially at post-compaction stage or from fertilization throughout blastocyst stage.
The effect of O 2 below 5 % on embryo development in animal models
The advantage of 5 % over 20 % O 2 on animal embryo development has also been well documented [10, 11] . However, studies on the effect of O 2 lower than 5 % in embryo development are scarce, with results being inconclusive and species dependent. O 2 at 2.5-5 % was found to be optimal for in vitro culture of 1-8 cell stage mouse embryos retrieved from pregnant female to blastocyst stage [12] . But when 2 % O 2 was applied only from morula to blastocyst stage in the in vitro culture of mouse embryo, increased embryo resorption and decreased fetal weight were reported at day 18 of pregnancy [13] . For bovine embryos, starting from insemination to morula or blastocyst stage, 5 % O 2 appears to be superior to 2-2.5 % or higher O 2 in advancing blastocyst cell number, though developmental rate to morula and blastocyst stage was similar among different O 2 levels [14, 15] . However, when 2 % O 2 was applied to bovine embryo culture only from day 5 to 7, no difference was found in blastocyst formation rate or total cell number compared with 7 or 20 % O 2 [16] , and another study reported 2 % O 2 is optimal for bovine embryo development at this stage [17] . For rabbit embryos, culture at 1 and 5 % O 2 from one cell stage to blastocyst produced similar rate of hatching blastocyst and comparable blastocyst cell number, and both O 2 levels were superior to 20 % O 2 [18] . Thus, the effects of O 2 on embryo development are species specific, and information gained from animal studies does not necessarily inform optimization of O 2 for human IVF. Moreover, O 2 effects are stage specific, and each stage may require a different O 2 optimum. It is possible that the beneficial effects of O 2 at one stage may be confounded by the harmful effects of the same O 2 at another stage, so there is a need to optimize each embryonic stage separately.
Effects of O 2 on embryo development are not always reflected in the rate of morula or blastocyst formation, which can be similar; while at the same time blastocyst quality measures, including cell counts, expression of molecular markers, or in vivo developmental outcomes after implantation were different at various O 2 levels [13] [14] [15] . Thus, the effect of O 2 on embryo development cannot be fully appreciated by morphological standards alone. Additional criteria are needed. Reimplantation, post-implantation development, and birth data would be the best standards. But when it comes to human embryos, this is not always practical or possible, especially when the benefit or harm from certain intervention is uncertain. The use of molecular markers, cell growth, and apoptotic rates etc. ex vivo methods is necessary to obtain a better understanding of O 2 -dependent effects on embryo development.
Several lines of evidence suggest that O 2 less than 5 % may be more beneficial for human embryo development compared with 5 % O 2 , which are enumerated below. Improvement of IVF has long relied on a Bback to nature^approach [19] . Human uterine luminal O 2 level was reported to be ∼2 % throughout the menstrual cycle [20] , although a later work showed some variation in O 2 level ranging from 0.8 to 5.7 % with an average of 2.5 % [21] . It is likely that human embryos are exposed to O 2 below 5 % near implantation into the uterus and in vitro culture of embryos can be done at O 2 below 5 %, especially at later developmental stage when the embryo has already reached uterus, which approximates the post-compaction stage [22] . Thus, in our study, the comparison on the different effect of O 2 in human embryo development was done at post-compaction stages.
The objective of this study is to investigate the effect of 2, 5, and 20 % O 2 on the development of cryopreserved day 3 embryos after thawing to blastocyst stage. The outcome measures include blastocyst formation rate, total cell number of blastocyst, apoptosis rate, and messenger RNA (mRNA) expression of molecular markers indicating oxidative stress and adaptive response, apoptosis, glucose uptake, and cell connection. Representative mRNA markers in these areas have been commonly used to reflect stresses embryos were subjected to or embryo quality. Examples are mRNAs of apoptosis marker pro-apoptotic bcl-2-like protein 4 (BAX) [23] , heat shock protein (HSP) 70.1 [24, 25] and anti-oxidative pentose phosphate pathway enzyme glucose-6-phosphate dehydrogenase (G6PD) [26] , and anti-oxidant superoxide dismutase 2/mitochondrial (MnSOD) [27] . Glucose transport GLUT1 is normally required for embryogenesis, and it is often measured when comparing different culture medium composition [25, 28] . Cell connexin protein CX43 is a gap junction protein, and it has been reported to be higher in in vivo derived embryos [29] .
Materials and methods
Embryo source Patients seeking IVF treatment at the First Affiliated Hospital of Sun Yat-Sen University who have healthy live birth donated their day 3 cryopreserved embryos for research. Written informed consent was obtained from all participants before the usage of their embryos. The institutional review board (IRB) of the First Affiliated Hospital of Sun Yat-Sen University approved the study. The informed consent forms and IRB approval are available on request.
Thawing of day 3 embryos One hundred fifty-five day 3 embryos developed at 20 % O 2 were utilized in this study. Slow programmable freezing was used for the cryopreservation of these embryos [30] . The freezing standard for day 3 embryos was cell number ≥4, all blastomere with equal size or the difference in cell diameter <20 %, and fragmentation <20 %. Embryos were thawed at room temperature. Straws containing embryos were removed from liquid nitrogen and exposed to air for 30 s, then in 30°C water bath for 30 s. Embryos were then put into the following solutions in sequence: 0.5 M sucrose for 10 min, 0.35 M sucrose for 5 min (1:1 mixture of 0.5 M and 0.2 M sucrose), and 0.2 M sucrose for 5 min. After that, embryos were transferred into HEPES solution and assessed for viability before they were put into three different O 2 levels for blastocyst culture. The embryo thawing kit was purchased from SAGE In Vitro Fertilization (ART-8016, CT).
Distribution of embryos Embryos from women of similar age (±2 years) and causes of infertility (male or female causes) were treated as a pool, and each straw containing cryopreserved embryo in the pool was assigned a number. A random number was generated among the number of straws. Thawing of embryos started from that number and the distribution into 2, 5 and 20 % O 2 group was done by embryologists in a cyclical manner. The first thawed straw of embryos was distributed to 2 %. The straw number immediately following the first straw was distributed 5 % and the next to 20 % O 2 , with subsequent allocations following the same order. Both CO 2 incubator and triple gas incubator used were same size incubator from ASTEC co. LTD, Model No: APC-30D and SMA-30DR, Japan. Surviving embryos after thawing were defined as having no less than four intact blastomeres, no more than 50 % fragmentation, and blastomere size (cell diameter) less than 50 % difference [31] . Media used for cleavage embryo culture before cryopreservation, and post-thaw culture were from Vitrolife G-series culture media (Vitrolife, Sweden), G-1 PLUS, and G-2 PLUS, respectively. Surviving embryos were cultured for another 2.5 days without change in media. At the end of blastocyst culture, blastocyst formation and blastocyst grade were recorded. Blastocyst grading system proposed by [32] was adopted to assess blastocyst quality. Blastocyst formation was determined if there was presence of visible blastocoel. Good-quality blastocysts were defined as expanded or further developed blastocysts with inner cell mass at grade A (tightly packed, with many cells) or grade B (loosely grouped, with several cells), and trophectoderm at grade A (many cells forming a cohesive epithelium) or grade B (few cells forming a loose epithelium).
Gene expression analysis
The technique for gene expression in a small amount of starting materials has been described [33] . It frequently involves pre-amplification of the starting complementary DNA (cDNA) for subsequent analysis. The efficacy and fidelity of the pre-amplification method we used here has been demonstrated elsewhere [34] , and it has been used in mouse embryo study [35] . The accuracy and sensitivity of doing RT-qPCR on crude cell lysate in situations where a limited number of cells are available for RNA purification has been demonstrated by Van Peer et al. [36] . The method reported by Van Peer et al. was adopted here because single blastocyst was used for gene expression analysis.
After observation, blastocyst scores were recorded, and embryos of similar quality in the three O 2 groups were used for gene expression analysis. Eight blastocysts from 2 % O 2 , eight from 5 % O 2 , and six from 20 % O 2 were used for this purpose. Blastocysts were put into 0.5 % (w/v) pronase (10165921001, Roche) for 3-5 min to remove zona pellucida, washed in PBS, and transferred into 0.5 ml microcentrifuge tubes individually. RNA extraction and gene expression analysis were done according to manufacturer's protocol. Briefly, 25 μl lysis buffer with DNase I was added to each blastocyst and incubated for 5 min, followed by stop solution for 2 min at room temperature. Twenty microliter lysate was used for each 50 μl reverse transcription (RT) reaction. 12.5 μl cDNA from RT was used for pre-amplification PCR (4384267, ABI). Reaction condition for pre-amplification PCR was 95°C 10 min, then 10 cycles of 95°C 15 s followed by 60°C 4 min. Pre-amplification products were diluted five times in 1 × TE buffer (93302, Sigma) for further use. RT and pre-amplification PCR were carried out by GeneAmp PCR System 9700 (ABI).
Expressions of target genes BAX, GLUT1, CX43, MnSOD, G6PD, and HAP70.1 and reference genes GAPDH, YWHAZ, and SDHA were determined by real time PCR in 7500 Real Time PCR System (ABI) using TaqMan Gene Expression Cycling program was set at initial hold at 95°C for 10 min, followed by 40 cycles of denaturation at 95°C for 15 s, annealing and extension at 60°C for 1 min. Other than the specified reagents, all reagents used were included in Taqman Gene Expression Cells-To-CT Kit (4399002, ABI). Fold changes in gene expression were determined using 2-ΔΔCt method [37] , and all mRNA expression values were normalized to the geometric average of three reference genes.
Immunostaining Nineteen blastocysts from 2 % O 2 (one hatched blastocyst was lost during handling), 20 from 5 % O 2 , and 14 from 20 % O 2 were used for immunostaining. They were fixed in 4 % paraformaldehyde (Sojubio, China) for 30 min followed by 0.5 % (v/v) Triton X-100 1 h. The embryos were then washed 3× in 0.5 % (w/v) PBS-BSA (Sigma) 10 min. Blocking was done for 45 min with 10 % FBS (Invitrogen). All the previous procedures were carried out at room temperature. 1:50 rabbit monoclonal anti-human active caspase 3 (700182, Molecular Probes) was incubated at 4°C overnight. After 3 × 10 min wash in 0.1 % (v/v) PBST, the embryos were incubated with 1:1000 anti-rabbit second antibody (A10040, Molecular Probes) at room temperature for 1 h. After counterstaining with DAPI (Cytocell, UK) for 15 min, the embryos were micrographed using a fluorescence microscope (Olympus BX61, Japan). Total cell number was counted based on DAPI staining. Apoptotic cells were indicated by active caspase 3 staining [38] . Apoptosis rate was calculated as apoptotic cell number divided by the total cell number.
Statistics
Distribution and frequency data were analyzed using the heterogeneity chi-square test. Gene expression levels were compared by one-way ANOVA followed by Dunnett's post hoc test with the 5 % O 2 group as reference. Data for G6PD was square root transformed to meet the normality assumption for ANOVA. Cell number and apoptosis rates were logarithmic transformed to satisfy normality assumption and analyzed using one-way ANOVA followed by Dunnett's post hoc test. Values are presented as means ± SEM.
Results
One hundred fifty five day 3 embryos donated by 21 couples were included in the study. One hundred twenty embryos survived the thawing procedure, with recovery rate 77.4 %. Forty-six, 44, and 30 of surviving embryos were distributed into 2, 5, and 20 % O 2 group, respectively and cultured for 2.5 days. The reasons for sub-fertility in these couples were sperm dysfunction 38.1 % (8/21), tubal disease 57.1 % (12/ 21), and unexplained infertility 4.8 % (1/21). Two patients with tubal disease had concomitant polycystic ovarian syndrome (PCOS), and one case was combined with endometriosis. One couple had a combination of male infertility and endometriosis. Mean (± standard deviation [SD]) age for the female donors was 32.62 ± 3.48 years. Age was classified into <30, 30-35, and >35 groups. There was no significant difference in age distribution for the embryos assigned to the three O 2 groups (Table 1) . Cell number of the embryos at thaw was also grouped into three categories namely 4 cells, 5-7 cells, and 8 or more cells. There was no significant difference in embryo cell number distribution among the three O 2 groups ( Table 2 ). The rates of blastocyst formation and good-quality blastocysts based on Gardner blastocyst grading system (BMaterial and methods^) were not statistically different among three O 2 groups (Table 3) .
To test for the O 2 level that best supports embryonic development from day 3 to blastocyst stage, we first assayed the total number of cells and the apoptotic rate of blastocysts after 2.5 days in culture. Average blastocyst cell number was 119.44 ± 11.64 at 2 % O 2 , 142.55 ± 22.47 at 5 % O 2 , and 97.29 ± 14.87 at 20 % O 2 . Average apoptotic rate was 4.7 % ± 0.4 % at 2 %, 3.5 % ± 0.7 % at 5 % O 2 , and 5.8 % ± 1.1 % at 20 % O 2 . The highest cell number and the lowest apoptotic rate were observed in blastocysts cultured at 5 % O 2 (Fig. 1a, b) . There was significantly higher rate of apoptosis at 20 % O 2 (p < 0.05, ANOVA). Intermediate in both cell numbers and apoptotic rate was embryos cultured at 2 % O 2 . Average cell number was not significantly different between 2 and 5 % O 2 , but rate of apoptosis was higher in 2 % O 2 (p < 0.05, ANOVA and Dunnett's post hoc test). Representative human embryos cultured at 2 %, and 20 % O 2 were presented in Fig. 2 , which showed the assay for apoptosis and cell number by using cleaved caspase 3 and DAPI immunofluorescent staining.
We next measured mRNA markers of apoptosis (BAX), oxidative stress and adaptive response (MnSOD, G6PD, HSP70.1), glucose transport (GLUT1), and cell connection (CX43). Real time qPCR was used to assay embryos at the end of 2.5 day culture. Compared with gene expression levels at 5 % O 2 , which are arbitrarily set at B1^, the fold change (mean ± SE) of gene expression levels for BAX was 2.14 ± 0. Of six markers assayed, four were significantly higher at 20 % O 2 compared with 5 or 2 % O 2 , namely BAX, MnSOD, G6PD, and HSP70.1 (p < 0.5, ANOVA followed by Dunnett's post hoc test) (Fig. 3) . Two markers, gap junction protein CX43 and GLUT1 were not significantly different for embryos cultured at all three O 2 levels, and all markers were not significantly different in embryo cultured at 5 and 2 % O 2 .
Discussion

Summary of findings
The study here indicates that culture of cryopreserved human embryos from day 3 to blastocyst stage has highest growth, lowest apoptosis, lowest oxidative, and heat shock stress at 5 % O 2 . The opposite happened at 20 % O 2 . Our results are in agreement with past studies on the effect of 20 or 5 % O 2 in human IVF [9] and support the current use of 5 % O 2 .
Mathematical modeling of oxygen diffusion in static culture suggests that mouse embryos are likely to derive sufficient oxygen by diffusion alone, but human embryos may become marginally hypoxic when cultured at 5 % O 2 [39] . However, this model did not include the effect of convection in facilitating oxygen exchange. Another study by Baltz et al. indicates that in static culture, convection is faster than diffusion and would serve to mix the culture microdrops so that anoxia cannot develop [40] . Convection is driven by temperature difference, which is quite haphazard as it can be influenced by routine procedures such as opening the incubator door and embryo observation etc. That is why it is not included in the modeling by Byatt-Smith et al. [39] . Also mathematical modeling of the balance between oxygen supply and oxygen consumption by cultured embryos is influenced by the estimation embryo oxygen consumption rate, which is not a constant and exhibits a non-linear relationship with oxygen concentration [41] . So it is not a replacement of directly studying the effect of O 2 on embryo development experimentally. Here, we reported the effect of 2 % O 2 on human post-compaction preimplantation embryonic development, which has not been mathematically modeled or experimentally studied before.
Interestingly, we found that except for a slightly higher apoptosis rate, 2 % O 2 was not significantly different from 5 % O 2 in other measures of embryo quality, in contrast to 20 % O 2 . This indicates that using the current static culture system, optimal O 2 level for post-compaction stage human embryo development is less than 20 %. Five percent is the best O 2 level among the three tested in our culture condition. However, it does not rule out the possibility that optimal O 2 for human IVF is not within the tested three, and it may also be a range rather than a specific O 2 level. It is especially true when it comes to different culture medium formulas, as their varied compositions of antioxidants and free radical scavengers may alleviate the detrimental effect of less ideal O 2 in different degrees.
Discussion of markers
BAX was high only at 20 % O 2 . BAX is a marker of apoptosis, and it was associated with poor human oocytes and embryos quality [23] where improper culture increased BAX. This indicates that 20 % O 2 , but not 2 or 5 % O 2 , increases apoptosis at the end of post-thaw culture. MnSOD is an antioxidant enzyme located in mitochondria, participating in the transformation of toxic superoxide produced during mitochondrial respiration. Twenty percent O 2 has been shown to increase the expression of MnSOD [27] . The higher level of MnSOD in embryos cultured at 20 % O 2 suggests the existence of oxidative stress and corresponding increase in anti-oxidative response.
G6PD is a critical enzyme in the pentose phosphate shunt, which supplies NADPH reducing power for anti-oxidative response. Higher level of G6PD was observed in embryos cultured in vitro compared with in vivo and embryos cultured at higher O 2 level [26] . Similar to MnSOD, the biological significance of G6PD is to increase the antioxidant capacity of blastocysts cultured at 20 % O 2 , which would cause more ROS production.
Heat shock proteins are molecular chaperones assisting the correct folding of cellular proteins [42] . HSP 70.1 is one of the heat shock protein family members. It mediates cellular stress response and has been used to measure embryonic stress caused by suboptimal culture conditions [24] . The mRNA level of HSP 70.1 was shown to be higher in in vitro derived embryos compared with in vivo generated counterparts [26] . The increase of HSP70.1 in embryos cultured at 20 % rather than 2 or 5 % O 2 indicates that 20 % O 2 is a more stressful culture condition.
Glucose enters cell either by an active process via sodiumcoupled glucose transporters or by facilitative glucose transporters. GLUT1 is one of the 13 known members of the facilitative glucose transporter family [43] . It is expressed in human embryonic stem cells [44] as well as human oocyte and 2-12-cell stage embryos [45] . We did not find differences in GLUT1 mRNA expression among the three O 2 groups. This result is surprising because GLUT1 is a downstream target of hypoxia inducible factor (HIF) and lower O 2 has been reported to increase GLUT1 mRNA expression in bovine and mouse blastocysts [16, 46] . We speculate that the composition of Fig. 3 The mRNA expression level of six marker genes showed no significant difference between 2 and 5 % O 2 . The mRNA levels of BAX, MnSOD, G6PD, and HSP70.1 were significantly higher in 20 % O 2 than in 5 % O 2 . Data were analyzed using ANOVA followed by Dunnett's post hoc test. The same pair of letters a and a indicates no significant difference between the comparison groups. Distinct letters a and b indicate a significant difference (p < 0.05). Data is presented with average ±SEM trophectoderm and inner cell mass (ICM) in blastocyst formed at different O 2 , and the activation status of HIF may account for the lack of difference here. First of all, 2 % O 2 culture is related to lower percentage of cells allocated to trophectoderm [16] , and there is more GLUT1 expression in trophectoderm than in ICM in bovine blastocyst [47] . The lack of difference in GLUT1 here may be the result of lesser percentage of trophectoderm cells at lower O 2 . Secondly, the primary goal of this study was to investigate the possibility of optimal O 2 below 5 %, so all the markers chosen were in one way or another reflecting embryo development and quality. We did not look at other HIF responsive genes to know exactly the activation status of HIF. Lastly, GLUT1 is associated with embryo quality, even when O 2 is not a variable [25] . Since blastocysts of similar morphological appearance in the three O 2 groups were chosen for gene expression analysis, which may also contribute to the lack of difference in GLUT1 expression.
CX43 is a gap junction protein used in cell communication. At blastocyst stage, co-expression of CX26, CX45, and CX1 with CX43 was found in human embryos [48] . There is redundant expression and functional compensation between connexins [49] . Transcription level of CX43 is higher in in vivo produced embryos than in vitro ones [29] . We did not find any difference in CX43 expression among three O 2 groups. It could either be that the gap junction function of blastocysts cultured at different O 2 levels is similar, or that CX43 expression does not respond to O 2 levels.
Our study here is unique in showing 2 % O 2 is not significantly different from 5 % O 2 for most outcomes measured. It suggests the need of O 2 in human post-compact stage embryo culture is relatively low. The same is true for rat embryos, for which oxidative phosphorylation is not required for blastocyst formation [50] . Mouse trophoblast stem cells (TSCs) are derived from the polar trophectoderm (pTE) of blastocyst. TSCs have highest potency and growth, lowest differentiation at 2 % O 2 [51] . And cultured TSCs have relatively low mitochondrial activity and active aerobic glycolysis [52] compare with later in vitro differentiated lineages. Compared with TE, ICM of mouse blastocyst have even lower oxygen consumption [53] . Human embryonic stem cells (hESC) derived from blastocyst ICM proliferated well at 3-5 % O 2 as they did at 21 % O 2 , and growth was only slightly reduced at 1 % O 2 . Potency and the ability to form embryoid were enhanced by hypoxic culture [54] . Taken together, these data indicate a preference for 2-5 % O 2 in TSC and ESC culture, which argues for the potential application of less 5 % O 2 in post-compaction embryo development, since TSC and ESC are essentially the trophectoderm and ICM component of blastocyst.
Limitations and future studies
All the donated day 3 human embryos used in this study were cultured at 20 % O 2 before cryopreservation. It is possible that 20 % O 2 culture during the first 3 days and cryopreservation itself may have an adverse effect on subsequently embryo development after thawing, even though this effect is equal in three O 2 groups. Since there are only a few studies investigating the effect of O 2 below 5 % on animal embryo development and none on human, it is unethical to apply any O 2 below 5 % in human IVF before having a good understanding of its role on embryo quality and development. That necessitates the use of spare embryos donated by patients. And we can only use in vitro indicators of embryo quality such as apoptosis and mRNA expression of stress-related genes instead of re-implantation and observing long term development. Compared with the studies on the effect of 5 versus 20 % O 2 in human embryo development, which can be carried out in clinical setting without sacrificing the experimental embryos, we are limited by a relatively small sample size. Despite that, our result agrees that 5 % is optimal for postthaw cleavage stage human embryo culture among the three O 2 groups tested. And interestingly, we found that 2 % O 2 is not as detrimental as 20 % O 2 .
Future studies need to have a larger sample size, and it would be informative to look at the molecular mechanisms mediating O 2 effect, such as oxygen consumption rate, glucose and amino acids transport as well as the action of HIF. O 2 level during cleavage stage embryo culture should also be taken into consideration, preferably at 5 % O 2 [55] . Furthermore, we think that unlike the progression from 20 to 5 % O 2 , the possible progression from 5 % O 2 to a new optimum at <5 % O 2 may require microfluidics to supply constant nutrition and provide waste removal [56] . Studies on mouse TSCs showed that at the growth-optimizing 2 % O 2 , the consumption of nutrients and accumulation of acidic metabolites is much faster, requiring frequent medium change [52] . It is also important to establish toxicity below the optimum as for mouse TSCs; stress increases and growth rates decreases rapidly below the O 2 optimum [51] .
